Introduction
Aneurysms are focal dilatations in the wall of an artery that are often asymptomatic until dissection (tear) or rupture occurs (1, 2) . Thoracic aortic aneurysms occur in all age groups (including young children), have a strong genetic basis, and often develop in individuals affected by hereditary connective tissue disorders (2) (3) (4) . Very few pharmacological therapies exist, and the only proven treatment option to prevent rupture is surgical repair (5, 6) . Binding of transforming growth factor-β (TGF-β) ligand to tetrameric receptor complexes composed of 2 type I (TβRI) and 2 type II (TβRII) subunits, which are encoded by the TGFBR1 and TGFBR2 genes, respectively (7), induces receptor-mediated phosphorylation of intracellular signaling mediators Smad2 and Smad3 (mothers against decapentaplegic homolog 2 and 3) at the C-terminal Ser-X-Ser motif; binding of phosphorylated Smad2 and Smad3 (p-Smad2/3) to Smad4 induces translocation of this complex to the nucleus, and transcription of TGF-β target genes in concert with other transcription and chromatin remodeling factors (8, 9) . Binding of TGF-β to its receptors can also activate Smad-independent pathways, although the specific pathways activated and their temporal dynamics vary depending on cell type (10, 11) . Heterozygous kinase-inactivating mutations in genes coding for either TGF-β receptor subunit (TGFBR1 or TGFBR2) cause LDS, a syndrome characterized by a highly penetrant and aggressive aneurysmal disease (12) . LDS can also be caused by heterozygous loss-of-function mutations in genes encoding TGF-β ligands (TGFB2 and TGFB3) or intracellular signaling mediators (SMAD2 or SMAD3) (12) (13) (14) (15) (16) (17) (18) . In patients and in mouse models of LDS, the aortic root represents the site of greatest predisposition to dilation (2, 6, 12-14, 16, 19) . Although the mutational repertoire associated with LDS seemingly implicates defective Smad signaling as the primary driver of disease, evidence for increased Smad2/3 phosphorylation is observed in aortic tissue derived from LDS patients and mouse models (12-14, 16, 19-21) , suggesting that compensatory mechanisms might contribute to disease, and generating ambiguity regarding the precise role of Smad signaling in pathogenesis (22) (23) (24) . Evidence from the literature indicates that the embryological origin of VSMCs can influence their signaling response to extracellular cues, including those mediated by TGF-β (25) (26) (27) (28) (29) . In this study, we examine the effect of an LDS-causing mutation on the signaling capacity of the 2 types of VSMCs that populate the aortic media of the proximal aorta, namely SHF-and CNC-derived VSMCs (30, 31) , and assess how lineage-specific effects influence aortic disease.
The aortic root is the predominant site for development of aneurysm caused by heterozygous loss-of-function mutations in positive effectors of the transforming growth factor-β (TGF-β) pathway. Using a mouse model of Loeys-Dietz syndrome (LDS) that carries a heterozygous kinase-inactivating mutation in TGF-β receptor I, we found that the effects of this mutation depend on the lineage of origin of vascular smooth muscle cells (VSMCs). Secondary heart field-derived (SHF-derived), but not neighboring cardiac neural crest-derived (CNC-derived), VSMCs showed impaired Smad2/3 activation in response to TGF-β, increased expression of angiotensin II (AngII) type 1 receptor (Agtr1a), enhanced responsiveness to AngII, and higher expression of TGF-β ligands. The preserved TGF-β signaling potential in CNC-derived VSMCs associated, in vivo, with increased Smad2/3 phosphorylation. CNC-, but not SHF-specific, deletion of Smad2 preserved aortic wall architecture and reduced aortic dilation in this mouse model of LDS. Taken together, these data suggest that aortic root aneurysm predisposition in this LDS mouse model depends both on defective Smad signaling in SHF-derived VSMCs and excessive Smad signaling in CNC-derived VSMCs. This work highlights the importance of considering the regional microenvironment and specifically lineage-dependent variation in the vulnerability to mutations in the development and testing of pathogenic models for aortic aneurysm.
Results

Tgfbr1
M318R/+ mice develop aortic root dilation in association with localized increase in Smad2/3 phosphorylation and TGF-β ligand expression. We previously generated and described a mouse model of LDS carrying a heterozygous kinase-inactivating missense mutation in Tgfbr1 (Tgfbr1 M318R/+ , referred to herein as Tbr1 MR/+ ); this mutation is equivalent to a TGFBR1 mutation found in LDS patients that results in a methionine to arginine substitution at amino acid 318 (12, 19) . Both female and male Tbr1 MR/+ mice ). No sex-specific differences were observed within any experimental group. P values refer to Kruskal-Wallis test with FDR-based multiple comparison correction. (C) Representative parasternal long-axis echocardiographic view showing the boundaries from which measurements were taken for aortic root (yellow arrows) and ascending aorta (blue arrows). (D) Representative immunofluorescence (IF) images of the aortic root of 16-week-old mice of the indicated genotypes probed with an anti-p-Smad2 or an unrelated anti-p-Smad2/3 antibody. Scale bars: 50 μm. Image enhancement for visual display was applied uniformly to all panels. Experiment was conducted at least 3 times. (E) Representative IF images of the aortic root and ascending aorta of 12-week-old mice probed with an anti-p-Smad2 antibody. Scale bars: 50 μm. Image enhancement for visual display was applied uniformly to all panels. Experiment was conducted at least 3 times. (F) Immunoblot of protein lysates from the aortic root and ascending aorta of mice of the indicated genotypes at 24 and 32 weeks of age after probing with antibodies that recognize p-Smad2 and β-actin (n = 3). Quantification of p-Smad2 after normalization to β-actin is shown on the right. P values refer to 1-way ANOVA followed by Holm-Sidak's multiple comparisons test. Numerical data are presented as scatter dot-plots with boxes, with the box denoting the mean; error bars identify the 95% confidence interval. jci.org Volume 129 Number 2 February 2019 increased expression of Tgfb1 and Tgfb3 can also be detected in the aortic root media of Tbr1 MR/+ mice in cells that also express the VSMC-specific transcript Myh11 ( Figure 2B ).
Defective induction of Smad-dependent pathways in response to TGF-β in SHF-, but not CNC-derived, VSMCs generated from Tbr1
MR/+ mice. We next examined the cell-autonomous signaling consequences of the Tbr1 MR/+ mutation in SHF-and CNCderived VSMCs (30, 31) ( Figure 3A ). VSMCs derived from these els of p-Smad2/3 colocalize with the site of dilation, and become more pronounced as disease progresses (Figure 1, E and F) . The localized increase in p-Smad2/3 levels in the aortic root associates with increased levels of TGF-β1 and TGF-β3 ligand ( Figure  2A ), suggesting that overexpression of TGF-β might contribute to the apparent increase in signaling at this location. While adventitial fibroblasts and recruited immune cells likely contribute to the increased levels of TGF-β ligand assessed by immunoblot, Immunoblot of lysates of the aortic root and ascending aorta of mice of the indicated genotypes at 24 weeks of age after probing with antibodies that recognize full-length latency-associated peptide (LAP)-TGF-β1, LAP-TGF-β2, LAP-TGF-β3; arrow identifies the band quantified for LAP-TGF-β3. Quantification after normalization to β-actin (same as that shown in in Figure 1F ) is shown below (n = 3). P values refer to 1-way ANOVA followed by Holm-Sidak's multiple comparisons test. (B) Representative RNA in situ hybridization of the aortic root of 24-week-old mice using RNAscope probes directed against the smooth muscle-specific transcript Myh11, and against Tgfb1 and Tgfb3; insets mark the area shown at higher magnification for each panel. Scale bars: 20 μm. Experiment was conducted at least 3 times. Image enhancement for visual display was applied uniformly to all panels. Numerical data are presented as scatter dot-plots with boxes, with the box denoting the mean; error bars identify the 95% confidence interval. jci.org Volume 129 Number 2 February 2019
an antibody able to recognize both p-Smad2 and p-Smad3 (p-Smad2/3) ( Figure 4A ) and by immunoblot using antip-Smad2 and anti-p-Smad3 antibodies separately ( Figure 4B ). In both assays, SHF-derived Tbr1 MR/+ VSMCs showed decreased p-Smad2/3 induction in response to TGF-β. In contrast, CNC-derived VSMCs from Tbr1 MR/+ mice showed a signaling response comparable to that of those from Tbr1 +/+ control animals ( Figure 4 , A and B, and Supplemental Figure 1C ). TGF-β-dependent induction of Smad-independent pathways, such as phosphorylation of Akt at serine 473 (37) or phosphorylation of extracellular signal-regulated kinase (p-ERK) at threonine 202 and tyrosine 204 (38) , was negligible and not significantly different between lineages or genotypes (Supplemental Figure  2, A and B) . Defective TGF-β responsiveness in SHF-derived VSMCs from Tbr1 MR/+ mice correlated with decreased induction of the TGF-β target genes Ctgf and Serpine1; no difference was observed between control and mutant CNC-derived VSMCs ( Figure 4C ). These data suggest that defective signaling in Tbr1 MR/+ SHF-derived VSMCs may be critical to predisposition to dilation in the aortic root, where they predominate (36) . Analysis of p-Smad2/3 induction in response to TGF-β in other 2 lineages were identified using conditional fluorescent reporter alleles and transgenic mice that express Cre recombinase under the control of SHF-specific (Mef2c SHF -Cre) (33) or CNC-specific (Wnt1-Cre) (34, 35) promoters, thus circumventing the lack of lineage-specific postnatal markers ( Figure 3B ). SHF-and CNC-derived VSMCs intermingle in the aortic root, with relative polarization towards the adventitial and luminal margins of the media, respectively ( Figure 3C and ref. 36 ). We generated primary VSMCs from the aortic root of lineage-traced 8-weekold Tbr1 MR/+ and control mice, and used fluorescence-activated cell sorting (FACS) to isolate SHF-derived and CNC-derived VSMCs based on expression of the lineage-specific fluorescent reporter. VSMCs from both lineages and genotypes expressed similar amounts of the VSMC-specific marker smooth muscle myosin heavy chain (SMMHC) and showed similar proliferation rates (Supplemental Figure 1, A shown that antagonism of the angiotensin II (AngII) type 1 receptor (AT1R) with losartan improves aortic dilation and architecture in a mouse model of LDS carrying a knockin mutation in Tgfbr2, and that this protective effect is associated with reduction of p-Smad2 levels in the aortic root (19) . Similar results were obtained in the Tbr1 MR/+ LDS mouse model, with losartan treatment resulting in reduced aortic root growth and improved aortic wall architecture, with no significant sex-specific differences observed within cell types analyzed revealed heterogeneity in the signaling consequences of this mutation, with Tbr1 MR/+ adventitial fibroblasts and Tbr1 MR/+ T lymphocytes displaying, respectively, normal and attenuated responses relative to their control counterparts (Supplemental Figure 3) . MR/+ VSMCs relative to controls; no significant differences were observed between control and mutant CNC-derived cells ) mice treated with losartan (100 mg/kg/day) from 6 to 12 weeks of age (SHF samples: control n = 9, mutant n = 9; losartan n = 5; CNC samples, control n = 13, mutant n = 9, losartan n = 4). P values refer to Kruskal-Wallis test with FDR-based multiple comparison correction. Numerical data are presented as scatter dot-plots with boxes, with the box denoting the mean; error bars identify the 95% confidence interval. jci.org Volume 129 Number 2 February 2019
INHBA, the transcript encoding activin A (also known as inhibin, subunit β A ), a member of the TGF-β family that is also known to induce p-Smad2/3 (41, 42), was not different among groups (Supplemental Figure 7 ). Consistent with previous reports suggesting that SMAD2 is transcriptionally upregulated in the context of thoracic aortic aneurysm (43), we also observed increased Smad2 mRNA in Tbr1 MR/+ SHF-, but not CNC-derived aortic tissue; this increase was not reduced by losartan (Supplemental Figure 7) .
Smad2/3 phosphorylation is enriched in CNC-derived tissue in the aortic root media of Tbr1 MR/+ mice, and suppression of Smad2 signaling in CNC-derived but not SHF-derived cells reduces aortic root pathology in Tbr1
MR/+ mice. We reasoned that the observed increase in TGF-β ligand production by mutant SHF-derived VSMCs could result in increased p-Smad2/3 activation by their neighboring signal-( Figure 5D ); minimal induction was observed in either genotype or lineage at an earlier time point (Supplemental Figure 6) . In order to validate and extend our in vitro observations, we used laser capture microdissection (LCM) of TdTomato-traced aortic roots ( Figure 6A ) to obtain SHF-and CNC-enriched tissue from the aortic root of Tbr1 +/+ and Tbr1 MR/+ mice at 12 weeks of age, and from Tbr1 MR/+ mice that had been treated with losartan from 6 to 12 weeks of age, and examined expression of selected transcripts by quantitative PCR (qPCR). While samples from either lineage or genotype expressed similar amounts of TdTomato and Myh11 (Supplemental Figure 7) , SHF-derived tissue from the aortic root of Tbr1 MR/+ mice uniquely showed enhanced expression of Agtr1a, Tgfb1, and Tgfb3, with losartan treatment resulting in normalized expression of Tgfb1 in Tbr1 MR/+ mice ( Figure 6B ). Expression of nificant effect on the diameter of the more distal ascending aorta (Supplemental Figure 10 ). In keeping with previous observations in this model of LDS, which shows high survival (85%-90%) at 140 days (19) , no significant differences in viability were observed between genotypes by the endpoint of 20 weeks (Supplemental Figure 10 ). Deletion of Smad2 in SHF-derived cells did not result in worsening or amelioration of disease in Tbr1 MR/+ mice; in these mice, p-Smad2/3 staining was most prevalent on the luminal side of the aortic media, a region enriched with CNC-derived cells (21, 46) (Figure 9A ). In contrast, amelioration of disease by CNC-specific deletion of Smad2 was associated with an overall reduction in p-Smad2/3 ( Figure 9B ). Although it is possible that Smad2 deletion in other CNC-derived cell-types might contribute to amelioration of disease, these results show that a manipulation intended and observed to decrease Smad signaling in CNC-derived VSMCs leads to amelioration of aortic pathology in a mouse model of LDS.
Discussion
The study of monogenic syndromic presentations of thoracic aortic aneurysm has implicated perturbation of TGF-β signaling in disease pathogenesis (2) . Primary mutations have been identified in genes encoding factors along the entire TGF-β signaling cascade, including extracellular regulators of TGF-β bioavailability (fibrillin-1 or biglycan), TGF-β ligands (TGF-β2 or TGF-β3), receptor subunits (TβRI or TβRII), as well as positive (SMAD2, SMAD3) and negative (SKI) signaling effectors (12) (13) (14) (15) (16) (17) (18) (47) (48) (49) (50) (51) . Ambiguity about the precise role of TGF-β in vessel wall homeostasis has arisen because of apparently contradictory observations and ing-competent CNC counterparts in the aortic media. In keeping with this hypothesis, we found substantial colocalization between the CNC lineage and the enhanced p-Smad2/3 signal in the aortic root media of 12-week-old Tbr1 MR/+ mice ( Figure 7 and Supplemental Figure 8 ). There was no detectable p-Smad2 in the very distal ascending aorta of LDS mice, where there is overt predominance of CNC-derived VSMCs (Supplemental Figure 8) . The medial cells that trace positive for the CNC lineage also expressed SMMHC, attesting to their VSMC identity (Supplemental Figure 9) .
In order to examine whether Smad2 signaling in CNC-derived VSMCs is a critical determinant of disease progression, we set out to test the effect of lineage-specific deletion of Smad2 on aortic disease in the LDS mouse model. A previously characterized conditional Smad2 allele (Smad2 lox/lox ) (44) was introduced in Tbr1 MR/+ mice, and the same transgenic Cre lines used for recombination of conditional fluorescent reporter alleles ( Figure 3) were used for lineage-specific deletion. Ultrasound measurements did not find any significant differences in aortic root size or growth between male and females mice within any experimental groups (Supplemental Figure 10 ), and thus these data are presented in aggregate (Figure 8 ). Despite previous reports on the deleterious effects of CNC-specific Smad2 deletion in adult carotid arteries (45) , Smad2 deletion in either lineage did not alter aortic root growth, size, or architecture in control mice (Figure 8, A-D) . In contrast, deletion of Smad2 in CNC-derived cells, but not in SHF-derived cells, normalized aortic root size and growth rate ( 
AngII-mediated induction of TGF-β ligand expression, which, in vivo, can be attenuated by treatment with the AT1R antagonist losartan (Figures 5 and 6) . Notably, localized upregulation of Tgfb1 expression has been observed at sites of dilation in other forms of LDS, such as those caused by haploinsufficiency in TGF-β ligands (14, 16) and intracellular signaling mediators (13) , suggesting that this might be a common feature of aneurysm syndromes associated with partial inhibition of TGF-β signaling. Although the change in Tgfb1 expression is modest, a disease model in which a small but sustained change in local TGF-β ligand concentration contributes to pathogenesis is consistent with the observation that, in both patients and mouse models, loss of vessel wall homeostasis is a slow evolving process, which is quite different from the hyperacute events observed after overt genetic or pharmacological provocations (59-62, 64, 65) . Other cell types, including adventitial fibroblasts and immune cells recruited to the site of disease might also contribute to elevated levels of TGF-β ligand expression and/or activation at sites of disease (65, 72, 73) . Our prior manuscript showed no therapeutic (or detrimental) effect of treatment with TGF-β-neutralizing antibody, and no influence of this intervention on p-Smad2/3 in the aortic media of LDS mice (19) . In Marfan syndrome (MFS) models, this intervention can have therapeutic effects in association with attenuation of p-Smad2/3 (48, 74, 75) , but this is highly context specific, with variation from beneficial to neutral to detrimental based on background or developmental stage (56) . Although it is possible that other signaling cascades are driving enhancement of p-Smad2/3 in Tbr1 MR/+ CNC-derived VSMCs, we provide evidence against a direct role for either activin A (Supplemental Figure 7) or AngII ( Figure 5C ) in the activation of p-Smad2/3 in the aortic root. Epigenetic regulation resulting in higher Smad2 mRNA expression has also been proposed as a TGF-β-independent mechanism to explain increased levels of p-Smad2 (43) . However, in our analysis, only Tbr1 MR/+ SHF-enriched tissue showed elevated levels of Smad2 mRNA, while Smad2 levels in Tbr1 MR/+ CNC-enriched tissue, where the majority of p-Smad2/3 signal localized ( Figure  7 ), were not increased relative to controls; furthermore, losartan treatment lowered levels of p-Smad2 but not Smad2 mRNA levels (Supplemental Figures 4 and 7) . In view of all these considerations, the failure of TGF-β-neutralizing antibody treatment to suppress p-Smad2/3 and ameliorate disease in LDS mouse models seems more likely to be explained by issues related to bioavailability, as also observed in other TGF-β-related pathologies (76), rather than inferences regarding loss or gain of TGF-β activity in the pathogenesis and treatment of disease (22) (23) (24) . While protective therapeutic trials in preclinical models associate with attenuation of biochemical and gene expression signatures indicative of TGF-β signaling (19, 48, (52) (53) (54) (55) (56) , ambiguity remains as to the relative contribution of TGF-β inhibition to disease amelioration, and the role of TGF-β signaling as a primary driver or a nonspecific late-stage consequence of disease (21, 24, 46, 56, 57) . Ongoing controversy has also been fueled by the observation that genetic abrogation of TGF-β signaling in VSMCs can result in severe and widespread aortopathy, or exacerbation of vessel wall disruption caused by other insults such as AngII infusion or genetic predisposition for aneurysm (58) (59) (60) (61) (62) (63) (64) (65) . In these studies, however, the phenotype is often hyperacute, evolving from predisposition to death in a matter of days, overtly inflammatory, and of debatable relevance to genetic presentations of thoracic aortic aneurysm that manifest over months in mouse models, and decades in people.
In this study, we present data in support of a model in which paracrine interactions between SHF-and CNC-derived VSMCs are initiated by defective Smad2/3 signaling in Tbr1 MR/+ SHF-derived cells, and through excessive AT1R-dependent increase in TGF-β expression, culminate in pathogenic p-Smad2/3 signaling in neighboring Tbr1 MR/+ CNC-derived cells in the aortic root ( Figure  10 ). This model integrates the apparently discordant foundational observations supporting both loss and gain of p-Smad2/3 signaling as drivers of disease, and the localized vulnerability to dilation and associated signaling abnormalities in the aortic root of LDS mice and patients (3, 19, 66) . We speculate that the peculiar predisposition to dilation in the aortic root, and not in the ascending aorta, where SHF-and CNC-derived VSMCs are also found, depends on at least two factors. First, the unique hemodynamic environment of this vascular segment might contribute to diverse factors that promote aneurysm progression, including activation of latent TGF-β and ligand-independent AT1R triggering by mechanical stretch (57, (67) (68) (69) (70) (71) (72) . Second, while SHF-and CNC-derived VSMCs tend to mingle in the aortic root -a circumstance that logically would promote paracrine interactions -they occupy more spatially distinct domains in the more distal ascending aorta (36) (Figure 3C ).
Our in vitro studies document the particular vulnerability of SHF-derived VSMCs to the consequence of a heterozygous lossof-function mutation in a positive effector of TGF-β signaling (Figure 4) . Decreased p-Smad2/3 signaling in Tbr1
MR/+ SHF-derived VSMCs associates with increased levels of Agtr1a mRNA and involves an interaction between perturbation of regional hemodynamics and cell type-specific signaling responses. This study highlights the need to consider and define the microenvironments within which genetic alterations exert their phenotypic influence in order to elucidate pathogenic mechanisms and design therapeutic interventions.
Methods
Mice. Generation of Tbr1 MR/+ mice, which are maintained on a 129S6/ SvEv background, has been previously described (19 
. Littermates and age-matched cohort mates were used as controls; no formal randomization method was used; numbers of male and female individuals used in each experimental group are reported in Supplemental Table 1 ; no explicit power analysis was used, and sample size was estimated based on previous published and unpublished work.
Aortic tissue processing for protein extraction. Dissection of the entire heart and thoracic aorta was performed as previously described (19) . Aortic root and ascending aorta were dissected after flushing the left ventricle with approximately 5 ml PBS (pH 7.4). Tissue was snap-frozen in liquid nitrogen and stored at -80°C until processing. Protein was extracted using an automatic bead homogenizer, and beads/lysis reagents from the Protein Extraction Kit (Full Moon Biosystems). All buffers contained protease and phosphatase inhibitors (MilliporeSigma).
Immunoblots and related antibodies. All immunoblots were performed using standard techniques, secondary antibodies conjugated to IRdye-700 (for mouse antibodies) or IRdye-800 (for rabbit antibodies), LI-COR buffer and LI-COR Odyssey visualization system; stripping, if required, was performed with NewBlot PVDF 5× Stripping Buffer and verified with LI-COR Odyssey visualization system. by TGF-β-independent p-Smad2/3 induction. In this light, it is also notable that chronic treatment of mice with TGF-β-neutralizing antibody -as an isolated provocation -is not sufficient to induce aortic dilation (19, 56, 64) .
The mechanism for the discordant effect of the Tgfbr1 M318R/+ mutation on SHF-derived and CNC-derived VSMCs is currently unknown; we hypothesize that the ability of CNC-derived VSMCs to retain normal signaling might relate to differential expression of signaling modulators in these two lineages.
The CNC-specific upregulation of p-Smad2/3 at early stages of disease might also explain the observation that elevation of p-Smad2/3 in the aortic root of Tbr1 MR/+ mice can be observed in situ but not when averaging techniques are used to assay other or broader aortic segments. Xie and colleagues have documented the consequences of CNC-specific Smad2 deletion on aortic arch arteries, and specifically the carotid arteries, with no comment, however, upon the status of CNC-derived structures in the aorta (45) . The phenotype they describe, thinner and fewer elastic lamellae, is reminiscent of observations made with elastin haploinsufficiency, which can include vascular stenosis but not aneurysms (77, 78) . Recent human genetics data suggest that germline haploinsufficiency for SMAD2 can associate with a very mild, late-onset, and poorly penetrant aortic aneurysm phenotype (17, 18) . We clearly do not see this predisposition in mice with isolated targeting of either lineage, at least in our background and within the time frame of observation ( Figure 8 ). It is possible that TGF-β signaling via Smad3 is sufficient to allow normal VSMC differentiation and tissue homeostasis in some contexts; this is consistent with the observations that Smad3 is the primary Smad that regulates transcription of VSMC differentiation genes (79, 80) .
Extensions of this work may more broadly inform the basis for focal and regional aneurysm predisposition in LDS and other inherited aortopathies (3) . A large amount of data from multiple groups has revealed a signature for high p-Smad2/3 in the aortic wall of MFS patients and mouse models (48, 74, 75, 81, 82) . Prior work has suggested that fibrillins can positively regulate TGF-β signaling by concentrating this cytokine at sites of intended function, but negatively regulate TGF-β activation through sequestration of its latent form (83, 84) . It remains possible that low concentrations of TGF-β in the fibrillin-1-deficient aortic root might mimic the influence of TGF-β receptor mutations in the SHF-derived cells, leading to increased TGF-β production -and perhaps a greater tendency for activation in the absence of efficient matrix sequestration. Importantly, these potential effects are not mutually exclusive.
A comprehensive understanding of lineage-specific events will require consideration of additional triggers, potentially including dynamic biomechanical factors (57, 71) and lineage-specific interactions between VSMCs and other cell types (85) . For example, it has been well documented that the more distal ascending aorta and the proximal descending thoracic aorta, both encompassing the domain of CNC-derived cells, show enhanced risk of progressive enlargement and dissection after prophylactic surgery that replaces the normally compliant and elastic aortic root with stiff synthetic material in both MFS and LDS patients (4, 6, 86) ; this risk can be modulated with AT1R antagonists (87) . The mechanistic basis for this observation is not well understood but plausibly jci.org Volume 129 Number 2 February 2019
Multiplex Fluorescent Reagent Kit (catalog 320850). The following probes were used: Mm-Agtr1a (C1 channel, catalog 481161), Mm-Tgfb1 (C3 channel, catalog 403451-C3), Mm-Tgfb3 (C1 channel, catalog 406211), and Mm-Myh11 (C2 channel, catalog 316101-C2). Images were acquired on a Zeiss LSM780-FCS confocal microscope at ×40 magnification, and are presented as maximal intensity projection. Image adjustments to enhance visualization of information present in the original were equally applied across samples. Generation of lineage-traced primary smooth muscle cell cultures. Aortic root and proximal ascending aortas were dissected at approximately 8 weeks of age. Both males and females were used to establish these cultures; the sex of samples used in each experiment is provided in Supplemental Table 1 . To remove the adventitial layer, aortas were incubated in HBSS (Life Technologies) containing 300 U/ ml collagenase II (Worthington Biochemical Corp.) for 15 minutes at 37°C. After this treatment, the adventitial layer was stripped by gentle pulling with tweezers, incubated with DMEM plus 10% FBS, and used to establish cultures of adventitial fibroblasts without further processing. The aortic media tissue was incubated overnight in DMEM (Life Technologies) complete with antibiotics and 20% FBS, transferred to a new well, and then further digested with 300 U/ml collagenase II and 3 U/ml elastase for 45 minutes at 37°C. A scalpel was then used to mince the remaining tissue and score the culture wells to facilitate adherence. Tissue was then incubated with DMEM plus 20% FBS until confluent cultures of smooth muscle cells could be established, after which they were maintained in DMEM plus antibiotics and 10% FBS. SHF-traced and CNC-traced cells were sorted from these cultures based on Td-Tomato or YFP expression using a Becton Dickinson FACSAria sorter, which was operated by the Johns Hopkins University Ross Flow Cytometry Core Facility. All sorted lineage-traced VSMCs were analyzed by flow cytometry to confirm expression of lineage marker (≥95% positive) prior to in vitro experiments; all experiments were conducted using cultures between 3 and 9 passages from the time of sorting.
Stimulation and analysis of lineage-traced smooth muscle cells. Primary cultures were starved in DMEM containing no serum for at least 18 hours prior to stimulation with indicated ligands. Cells were stimulated with recombinant TGF-β1 (Biolegend, catalog 580704), AngII (MilliporeSigma, catalog A9525), or vehicle. Identical protocols were used for stimulation of adventitial fibroblasts. For assessment of signaling events by immunoblot, stimulation was stopped by removing stimulation media, quickly washing with 1× PBS (Life Technologies), and then adding M-PER lysis buffer (Pierce) plus protease and phosphatase inhibitors (MilliporeSigma) .
Stimulation and analysis of T lymphocytes. Splenocytes were isolated by mechanical disruption from the spleen of control and mutant mice at 10 weeks of age. After lysis of red blood cells with ACK lysis buffer, splenocytes were rested overnight in IMDM supplemented with 0.1% FBS, penicillin/streptomycin, and β-mercaptoethanol. The next morning, splenocytes were stimulated with 0.5 ng/ml of TGF-β (R&D Systems, 240-B) for 30 minutes. Stimulation was ended by fixing the cells by direct addition of BD Lyse/Fix buffer (BD Biosciences, 558048). Cells were permeabilized with BD Perm III buffer (BD Biosciences, 558050) according to the manufacturer's instructions prior to staining for flow cytometry. Samples were stained with PE anti-Smad2 (pS465/pS467)/Smad3 (pS423/pS425) (BD Biosciences, 562586), BV605 anti-CD4 (BD Biosciences, 563151), AF700 anti- Immunofluorescence and histology. Dissection of the entire heart and thoracic aorta en bloc was performed as previously described (19) . After flushing with approximately 5 ml of PBS, the heart was flushed with 5 ml of freshly prepared 4% paraformaldehyde (PFA) (Electron Microscopy Sciences) in PBS, and then fixed in fresh 4% PFA at 4°C overnight. Tissue was then incubated in antigen retrieval solution (10 mM sodium citrate buffer, pH 6.0) at 4°C overnight prior to being immersed in boiling antigen retrieval solution for 3 minutes. After this antigen retrieval step, which is critical for successful probing of p-Smad2/3, tissue was immersed in cold 30% sucrose in PBS and incubated at 4°C overnight prior to being embedded and frozen in Tissue-Tek OCT compound. Sections (10 μm) were cut in a longitudinal axis view using a cryostat and left to dry for at least 1 day at room temperature prior to incubation with antibody or other staining reagents. The following primary antibodies were used: anti-p-Smad2 (MilliporeSigma, clone A5S, catalog 04 -953), anti-p-Smad2/3 (Abcam, ab52903), anti-SMMHC (Abcam, ab53219), and anti-YFP (Abcam, ab13970). Images were acquired on a Zeiss 710NLO-Meta multiphoton confocal microscope or Zeiss LSM780-FCS confocal microscope at ×25 magnification and are presented as maximal intensity projection. Image adjustments to enhance visualization of information present in the original were applied equally across samples. Sections stained with Masson's trichrome reagents were examined with a Nikon 80i using ×4 and ×20 objectives. Sections stained with Verhoeff-van Gieson stain were processed as described previously (19) .
In anatomically limited to tissue within aortic roots, and captured tissue fragments were binned into microcentrifuge tubes for RNA isolation. RNA extraction. For assessment of RNA induction by qPCR in cultured cells, stimulation was stopped by removing stimulation media, and followed by direct lysis in TRIzol (Life Technologies). RNA was then extracted using chloroform and 70% ethanol, followed by on-column DNAse digestion on RNeasy Mini columns (Qiagen) to remove any genomic DNA contamination. RNA extraction for samples obtained with LCM was performed using a PicoPure RNA Isolation Kit (Thermo Fisher Scientific) according to the manufacturer's instructions, also including an on-column DNAse digestion.
RT-qPCR and quantification of transcript expression. Transcript levels for the gene of interest were determined using a High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific) followed by qPCR using prevalidated TaqMan probes and TaqMan Universal PCR Master Mix reagents. A pre-amplification step using TaqMan PreAmp Master Mix was included for cDNA derived from samples obtained by LCM. Reactions were run and analyzed using a QuantStudio 7 Flex Real-Time PCR System (Thermo Fisher Scientific). The following prevalidated TaqMan probes were used to detect specific transcripts: Mm00446968_m1 (Hprt), Mm01178820_m1 (Tgfb1), Mm00436955_m1 (Tgfb2), Mm00436960_m1 (Tgfb3), Mm01166161_ m1 (Agtr1a), Mm00443013_m1 (Myh11), Mm00435860_m1 (Serpine1), Mm01192932_g1 (Ctgf), Mm00434339_m1 (Inhba), and Mm00487530_m1 (Smad2). A custom probe was designed by Applied Biosystems and validated to detect TdTomato transcripts (AIVI52M). Expression of the transcript of interest was normalized to that of the housekeeping gene Hprt using the 2 ΔΔCT method.
Statistics. Data are presented as scatter dot-plots with boxes, with each dot identifying a biological replicate; the box denotes the mean, and error bars identify the 95% confidence interval. At least 3 independent biological replicates (each derived from independent individuals) for each genotype and lineage-of-origin were used for each experiment shown; each experiment involving primary cell cultures was replicated at least twice. Experiments involving monitoring of aortic size in live animals and LCM were performed once. No formal randomization method was applied; all group allocations were made based on genotype with an effort to maintain a similar number of male and female individuals in each group. No other stratification criteria were applied. All echocardiograms were performed and interpreted by individuals blinded to genotype and treatment arm. The statistical test employed for each figure panel is described in the figure legend. Unless otherwise indicated, the nonparametric Kruskal-Wallis test was used for comparisons between groups. The 2-stage linear stepup procedure of Benjamini, Krieger, and Yekutieli was used to correct for multiple comparison by controlling the false discovery rate (FDR), with a family-wise significance and confidence level of Q = 0.05. If parametric 1-way ANOVA was used, this was done only after the Shapiro-Wilk normality test validated assumption of normal distribution, and the Brown-Forsythe test that of equal variance; the Holm-Sidak test was used for post hoc multiple comparisons tests. Data sets subjected to the same family-wise statistical test (i.e., Kruskal-Wallis or 1-way ANOVA) but separate group-wise post hoc comparisons (i.e., Benjamini, Krieger, and Yekutieli FDR test or Holm-Sidak test) are separated by vertical lines if presented within one data display. A P value ≤ 0.05 was considered significant. All statistical analyses were performed with GraphPad Prism 7 software. CD8 (eBioscience, 56-0081-82), and APCef780 anti-TCR-β (eBioscience, 47-5961-82). Data were acquired using an LSR Fortessa (BD Biosciences) and analyzed using FlowJo software (Tree Star Inc. Echocardiography. Echocardiographic measurements of parasternal long-axis view were performed at the indicated time points using Visualsonics Vevo 2100 and a 30-MHz probe on conscious mice, whose hair had been removed with Nair cream. Quantification of diameters was obtained by averaging 3 independent measurements of the maximal internal dimension at the sinus of Valsalva for aortic root measurements and at the proximal ascending aorta for ascending aorta measurements. A cardiologist blinded to genotype and treatment arm was responsible for all imaging and measurements. Growth was defined as the difference between aortic size at baseline (6 
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